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(57) An optical transmission system which provides 
bandwidth restricted optical signal comprises an input 
terminal (10) for accepting an electrical binary signal an 
amplifier (12) for amplifying said electrical binary signal 
to the level requested for operating an electrical-optical 
converter (16) such as a Mach Zehnder light modulator, 
a bandwidth restriction means (14) which is for instance 
a low pass filter for restricting bandwidth of said electri- 
cal binary signal, and an electrical-optical conversion 
means (16) such as a Mach Zehnder light modulator for 



converting electrical signal to optical signal. Because of 
the location of the low pass filter (14) between an output 
of the amplifier (12) and the Mach Zehnder light modu- 
lator (16), the amplifier (12) may operate in saturation 
region to provide high level output signal enough for op- 
erating the Mach Zehnder light modulator, and a signal 
shaped by the low pass filter (14) is applied to the Mach 
Zehnder light modulator (16) with excellent waveform 
The invention is useful for long distance, large capacity 
and low cost optical transmission system 
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Description 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to an optical 
transmission system, in particular, relates to such a sys- 
tem which generates high quality, high rate and band- 
width restricted optical signal free from degradation of 
signal quality in a transmission line. 
[0002] In an optical transmission system, a large 
amount of transmission capacity is intended by using 
high-bit-rate channel, and wavelength division multi- 
plexing. In general, the higher a channel bit rate is, the 
more severe the effect of chromatic dispersion in an op- 
tical fiber is, and possible distance for transmission is 
shortened in proportional to square of channel bit rate. 
[0003] In order to decrease the effect of chromatic dis- 
persion due to difference of group velocity depending 
upon wavelength, the use of bandwidth restricted code 
such as an optical duobinary transmission system is 
useful as described in K. Yonenaga and S. Kuwano, 
IEEE J. Lightwave TechnoL, Vol.15, No.8, 1997. 
[0004] Fig. 21 shows a block diagram of a prior optical 
duobinary transmitter. An input binary signal to be trans- 
mitted is applied to an input terminal 10, then, to a pre- 
coder 32 which effects code conversion, through an in- 
verter 30 which inverts a binary signal. The precoder 32 
includes an exclusive OR circuit 32a and a one bit delay 
circuit 32b as shown in Fig. 21 . An output logic signal of 
the precoder 32 is kept when an input logic signal is 0, 
and an output logic signal is inverted when an input logic 
signal is 1 . An output of the precoder 32 is applied to a 
differential distribution circuit 34 which provides a pair 
of NRZ (non-return to zero) signals in differential form. 
Each of the pair of NRZ signals is converted to a ternary 
duob iary signal by a low pass filter 1 00-1 or 1 00-2 which 
has 3 dB cut-off frequency approximate at the 1/4 fre- 
quency of signal clock frequency. A filter 100-1 or 100-2 
which operates above is called a duobinary filter. An 
electrical-optical converter 110 is for instance imple- 
mented by a Mach Zender intensity modulator (MZ) of 
dual electrode drive type, having electrical-optical crys- 
tal such as Lithium-Niobate (LiNb0 3 ). A pair of duobi- 
nary signals generated by duobinary filters 100-1 and 
1 00-2 are applied to electrodes of the MZ modulator af- 
ter amplification by amplifiers 1 02-1 and 1 02-2 up to half 
wavelength voltage. The numeral 1 8 is an optical output, 
and the numeral 36 is a light source of continuous light 
which is subject to be modulated by the MZ modulator 
110. 

[0005] Fig. 22 shows operation of a MZ modulator. 
Fig. 22(a) shows waveform of electrical duobinary signal 
for driving a MZ modulator. A duobinary signal is a ter- 
nary signal having three levels +1 , 0 and -1 as shown in 
Fig. 22(b). The transmission factor of a MZ modulator 
varies sinuousty as shown in the optical transmission 
characteristic in Fig. 22(c) depending upon drive voltage 
which is voltage difference between two electrodes of 
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the MZ modulator. When two electrodes are comple- 
mentary driven, an undesired chirp in an output optical 
signal may be zero in principle. Therefore, when a D.C. 
bias voltage (B) is set so that the optical transmission 
5 factor is the minimum as shown in Fig. 22(c), an optical 
phase of an optical output switches just when an input 
voltage crosses the bias voltage (B), and therefore, an 
optical duobinary signal which has binary intensity 
waveform is obtained. Although an optical duobinary 
10 signal is a binary intensity signal as shown in Fig. 22(d) 
and Fig. 22(e) in optically modulated form, it is essen- 
tially ternary duobinary signal if we consider optical 
phase (0, 7i), and has the equivalent bandwidth as that 
of duobinary signal. Therefore, an optical duobinary sig- 
15 nal has the advantages of both binary intensity modula- 
tion and ternary duobinary signal, so that demodulation 
is possible by binary intensity detection, and narrow- 
band characteristic of a duobinary signal is obtained. 
[0006] Fig. 23 shows a block diagram of a whole du- 
20 obinary transmission system including an optical duob- 
inary transmitter 120, a transmission line 124, optical 
amplifiers 122, and a receive system having an optical- 
electrical converter 1 26, a low pass filter 1 28, a decision 
circuit 130 and an binary data output terminal 132. An 
25 optical duobinary transmitter 120 in Fig. 23 may take the 
structure as shown for instance in Fig. 21 . In a receive 
side, a signal is demodulated by merely detecting light 
intensity as is the case of detection of binary intensity 
modulation signal. 
30 [0007] Fig. 24 shows actually measured relations be- 
tween chromatic dispersion and power penalty for 40 
Gbit/s optical duobinary signal (white dot) and 40 Gbit/ 
s binary NRZ intensity modulation signal (black dot). 
The horizontal axis shows chromatic dispersion value, 
35 and the vertical axis shows power penalty for bit error 
rate (BER) 10 9 . A power penalty is defined as the in- 
crease of receiver sensitivity compared with that meas- 
ured at the BER of 10' 9 when the chromatic dispersion 
is 0. A dispersion tolerance is defined so that it is the 
40 width of chromatic dispersion value which satisfies the 
power penalty less than 1 dB. Fig. 23 shows that the 
dispersion tolerance of an optical duobinary signal is 
200 ps/nm , and the dispersion tolerance of a binary N RZ 
signal is 95 ps/nm, therefore, the former is more than 
45 twice as large as the latter. Thus, an optical duobinary 
signal has the advantage that the restriction by chromat- 
ic dispersion is considerably decreased in high rate sig- 
nal transmission which has severe effect of chromatic 
dispersion. 

50 [0008] However, a prior optical duobinary transmis- 
sion system has the disadvantage that an optical trans- 
mitter is complicated and requests complicated signal 
process. In particular, an optical duobinary signal which 
is generated by a duobinary filter must be amplified up 

55 to the level which is enough for driving an optical mod- 
ulator. In general, voltage level requested for driving an 
optical modulator is several times as high as voltage lev- 
el for operating a high rate digital integrated circuit. 
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Therefore, an amplifier which drives an optical modula- 
tor is operated in the high power region where an output 
voltage is apt to saturate. 

[0009] In case of a binary NRZ intensity modulation 
system, even if a driver amplifier is operated in high pow- 5 
er region where saturation begins, no degradation of ap- 
erture of eye pattern occurs, or waveform is even 
shaped by shortening rising time and falling time of 
waveforms. 

[0010] However, in case of a ternary duobinary signal, w 
it is essential to keep waveform itself, therefore, a driver 
amplifier for driving an optical modulator must have fine 
linearity in gain characteristics. 

[001 1] Thus, if a driver amplifier for driving an optical 
modulator used in a conventional binary NRZ intensity '5 
modulation system is used for amplifying a ternary du- 
obinary signal, a small distortion of waveform is empha- 
sized, and severe inter-symbol interference is generat- 
ed. Further, it might be possible that an inter-symbol in- 
terference is emphasized by reflection between a duo- 20 
binary filter and an amplifier, and/or reflection between 
an amplifier and an optical modulator. 
[001 2] Fig. 25(a) shows waveform of duobinary signal 
(electrical signal) of 40 Gbit/s generated by a prior driv- 
er, and Fig. 25(b) shows optical intensity waveforms 25 
modulated by said signal. It is noted in Fig. 25 that an 
electrical signal for driving an optical modulator has 
asymmetrical pattern in eye apertures between upper 
eye opening and lower eye opening, and further an op- 
tical intensity signal modulated by said electrical signal 30 
is degraded in waveforms because of inter-symbol in- 
terference although an eye aperture is kept. An inter- 
symbol interference degrades receive sensitivity of op- 
tical duobinary signal, and dispersion tolerance so that 
distance for transmission is considerably decreased. 35 

SUMMARY OF THE INVENTION 

[0013] It is an object of the present invention, there- 
fore, to provide a new and improved optical transmitter 40 
which overcomes a disadvantage and a limitation of a 
prior optical transmitter. 

[0014] It is also an object of the present invention to 
provide an optical transmitter which provides bandwidth 
restricted optical signal close to ideal condition so that 45 
optical transmission with long distance, large capacity, 
and low cost is obtained. 

[001 5] The above and other objects of the present in- 
vention are attained by an optical transmitter comprising 
bandwidth restriction means for restricting bandwidth of so 
input electrical binary signal, an electrical-optical con- 
version means for converting electrical signal which is 
bandwidth restricted by said bandwidth restriction 
means to optical signal, an amplifier for amplifying an 
input signal of said electrical-optical conversion means 55 
so that said input signal has enough level for operating 
said electrical-optical conversion means, and said 
bandwidth restriction means being located between an 



output of said amplifier and an input of said electrical- 
optical conversion means. 

[0016] In an optical transmitter of the present inven- 
tion, bandwidth restriction means which is implemented 
for instance by a low pass filter is located between an 
output of an amplifier for driving a modulator and an in- 
put of an optical modulator, therefore, said amplifier has 
only to amplify a binary NRZ signal so that inter-symbol 
interference problem is avoided even when it operates 
in saturation region. 

[0017] In one modification of the present invention, a 
waveform shaping means such as a low pass filter is 
implemented by a part of said amplifier or said optical 
modulator, thus, not only an optical transmitter is com- 
pact, but also harmful reflection between an amplifier 
and a filter, and/or a filter and an optical modulator is 
avoided so that an optical transmitter with high perform- 
ance is obtained. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[001 8] The foregoing and other objects, features, and 
attendant advantages of the present invention will be 
appreciated as the same become better understood by 
means of the following description and accompanying 
drawings, wherein: 

Fig. 1 is a block diagram of first embodiment of an 
optical transmitter according to the present inven- 
tion, 

Fig. 2 is an example of an optical spectrum gener- 
ated by the first embodiment, 
Fig. 3 is a block diagram of second embodiment of 
an optical transmitter according to the present in- 
vention, 

Fig. 4 is an example of an optical spectrum gener- 
ated by the second embodiment, 
Fig. 5 is a block diagram of third embodiment of an 
optical transmitter according to the present inven- 
tion, 

Fig. 6 is an example of an optical spectrum gener- 
ated by the third embodiment, 
Fig. 7 is a block diagram of fourth embodiment of 
an optical transmitter according to the present in- 
vention, 

Fig. 8 shows waveforms of 40 Gbit/s signal gener- 
ated by the fourth embodiment, 
Fig. 9 shows a curve of dispersion tolerance of 40 
Gbit/s signal generated by the fourth embodiment, 
Fig. 1 0 is a block diagram of fifth embodiment of an 
optical transmitter according to the present inven- 
tion, 

Fig. 11 is a block diagram of sixth embodiment of 
an optical transmitter according to the present in- 
vention, 

Fig. 12 is a block diagram of seventh embodiment 
of an optical transmitter according to the present in- 
vention, 
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Fig. 13 shows curves showing decrease of modu- 
lation efficiency by phase mismatching in an elec- 
trical-optical modulator, 

Fig. 14 is a block diagram of eighth embodiment of 
an optical transmitter according to the present in- 
vention, 

Fig. 15 is a block diagram of ninth embodiment of 
an optical transmitter according to the present in- 
vention, 

Fig. 1 6 shows intensity waveforms of a ternary op- 
tical duobinary signal generated by the ninth em- 
bodiment, 

Fig. 1 7 shows binary intensity waveforms of phase 
inverted optical duobinary signal generated by the 
ninth embodiment, 

Fig. 1 8 is a block diagram of tenth embodiment of 
an optical transmitter according to the present in- 
vention, 

Fig. 1 9 shows cross section of a Z-cut Lithium-Nio- 
bate MZ optical modulator, 

Fig. 20 shows cross section of an X-cut Lithium-Nio- 
bate MZ optical modulator, 

Fig. 21 is a block diagram of a prior optical duobi- 
nary transmitter, 

Fig. 22 shows operation of a prior optical duobinary 
transmitter, 

Fig. 23 shows a prior optical transmission system, 
Fig. 24 shows curves of dispersion tolerance of 40 
Gbit/s generated by a prior optical transmitter, and 
Fig. 25 shows waveforms of 40 Gbit/s generated by 
a prior optical transmitter. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

(First Embodiment) 

[0019] Fig. 1 is a block diagram of a first embodiment 
of an optical transmitter according to the present inven- 
tion. In the embodiment, an optical transmitter compris- 
es an input terminal 10 which receives an electrical bi- 
nary data signal, a binary signal amplifier 12 for ampli- 
fying the binary data signal, a bandwidth restriction 
means 14 which is implemented by a low pass filter for 
restricting bandwidth of an output signal of the amplifier 
12, an electrical-optical conversion means 16 for con- 
verting electrical signal of an output of the filter 14 to 
optical form, and an optical output terminal 1 8 coupled 
with an output of the electrical-optical converter 1 6. The 
feature in Fig. 1 is that the bandwidth restriction means 
1 4 is located between the binary signal amplifier 1 2 and 
the electrical-optical conversion means 16, while the 
bandwidth restriction means in a prior art (Fig. 21) is lo- 
cated at an input side of an amplifier. Because of the 
location of the bandwidth restriction means 1 4 at an out- 
put side of the amplifier 12, an undesired distortion gen- 
erated by the amplifier 12 is removed by the bandwidth 
restriction means 14, and the resultant optical signal is 



free from undesired distortion. It is a matter of course 
that an actual transmitter has many components which 
are not shown in Fig. 1 , for providing necessary function 
as an optical transmitter. 
5 [0020] The bandwidth restriction means 1 4 or the filter 
is equivalent to the circuit consisting of a one-bit delay 
which delays an input signal by one bit, and an adder 
which provides sum of an output of the one-bit delay and 
an input signal. 
w [0021] The restriction of bandwidth of an electrical sig- 
nal by using the bandwidth restriction means 14 restricts 
the bandwidth of an optical signal, and it decreases un- 
desired effect by chromatic dispersion and improves 
transmission performance, and the efficiency of the use 
15 of bandwidth by high density wavelength division multi- 
plexing. An electrical-optical conversion means 16 may 
be either a semiconductor laser in which an optical 
source is directly modulated, or a combination of a con- 
tinuous light source and an external modulator. An ex- 

20 ternal modulator may be any type of modulator, for in- 
stance, a field absorption type modulator using a semi- 
conductor, or a MZ (Mach Zehnder) type modulator us- 
ing electrical-optical crystal such as LiNbO a . 
[0022] The spectrum of optical signal is designed ac- 

25 cording to a bandwidth restriction means 14. As the 
spectrum of optical signal depends upon an input signal 
waveform applied to a binary signal amplifier 12, re- 
sponse characteristic of a binary signal amplifier 12 and 
an electrical-optical converter 16, the response charac- 

30 teristic of a bandwidth restriction means 1 4 is designed 
considering those conditions. 

[0023] When it is desired to suppress signal band- 
width with no inter-symbol interference, an optical signal 
from an optical transmitter must satisfy the Nyquist cri- 

35 terion of zero inter-symbol interference. 

[0024] Fig. 2 shows an ideal signal spectrum which 
satisfies the Nyquist criterion I, in which f 0 is clock fre- 
quency of a signal, and when bit rate is 40 Gbit/s, f 0 = 
40 GHz. The amplitude spectrum decreases half at fre- 

40 quency of that of D.C. component, and reaches zero 
at approximate f 0 . The maximum frequency of the signal 
spectrum which satisfies the Nyquist criterion I distrib- 
utes between fo/2 and f 0 depending upon shape of spec- 
trum. As it is very difficult to suppress the maximum f re- 

<5 quency of the signal spectrum to f(/2 in the Nyquist cri- 
terion I, the maximum frequency f 0 of the signal spec- 
trum, as shown in Fig. 2, is allowed so that it is realized 
by an actual low pass filter. 

[0025] It is important that the signal waveform shaped 
50 by a low pass filter is kept until at least it is transmitted 
into a transmission line through conversion into an op- 
tical form, therefore, according to the present invention, 
a signal amplifier 1 2 which is apt to provide inter-symbol 
interference is located at an input side of a low pass filter 
55 14, so that an output of the low pass filter 14 drives di- 
rectly an electrical-optical converter 1 6 to provide an ex- 
cellent light signal waveform. 



4 



1185006A2 I > 



EP 1 185 006 A2 



(Second embodiment) 



[0026] Fig. 3 shows a second embodiment of an op- 
tical transmitter which uses duobinary code according 
to the present invention. In order to further suppress s 
bandwidth, the bandwidth restriction code such as duo- 
binary code which satisfies the Nyquist criteron II is 
used. The bandwidth restriction means 14b in the cur- 
rent embodiment is a duobinary filter which is a low pass 
filter having 3 dB cutoff frequency around y*. w 
[0027] Fig. 4 shows a signal spectrum of an ideal du- 
obinary signal. The maximum frequency of a duobinary 
signal spectrum is y2 ( however, as it is cutoff moder- 
ately, it may be implemented by using an actual filter. 
[0028] By the way, as a duobinary filter accompanies 15 
code conversion from a binary signal to a ternary signal, 
the current embodiment has a code inverter 30 and a 
precoder 32 before a binary signal amplifier 12. 
[0029] A code inverter 30 inverts an input code, 0 or 
1 , to 1 or 0. A precoder 32 comprises an exclusive-OR 20 
circuit 32a and a one-bit delay 32b which delays a signal 
by one bit duration or a period T Inputs of the exclu- 
sive-OR circuit 32a are an output of the inverter 30 and 
an output of the one-bit delay 32b, and an input of the 
one-bit delay 32b is an output of the exclusive-OR circuit 25 
32a;.> 

[0030] Due to the presence of a code inverter 30 and 
a precoder 32, a ternary signal of an output of a duobi- 
nary filter 14b has a logical signal 1 corresponding to 
high level and low level, and logical signal 0 correspond- 30 
ing to intermediate level. Therefore, a receive side may 
correctly demodulate a receive signal by deciding 
whether a receive signal is at intermediate level (logical 
0) or not (logical 1). 

[0031] Assuming that an electrical binary signal at an 35 
input terminal 10 is (0,1,0,0,0,1,0) as shown in (a), an 
output (b) of an inverter 30 is an inverted form of 
(1,0,1,1,1,0,1) an output of a precoder 32 shown in (c) 
which is in NRZ form of (1,1.0,1,0,0,1), an output of a 
duobinary filter 14b is shown in (d) which is a ternary 40 
duobinary signal having level (0,+1 ,0,0,0,-1 ,0), and an 
optical output of a converter 16 is shown in (e) which 
has (0,1,0,0,0,1,0) with a phase corresponding to the 
first 1 being opposite to that of the second 1 . 
[0032] As it is essential that a signal shaped by a du- . 45 
obinary filter keeps a waveform itself at least until it is 
transmitted into a transmission line through conversion 
into an optical signal, a signal amplifier which may cause 
inter-symbol interference is located before a duobinary 
filter, so that a distortion generated by an amplifier is so 
removed by a duobinary filter and an output of the duo- 
binary filter drives directly an electrical-optical converter 
to provide excellent optical signal waveform. 



fied duobinary code which satisfies the Nyquist criteron 
III realizes bandwidth suppression similar to a duobinary 
code. A precoder in the current embodiment is a modi- 
fied precoder 30' in which a delay circuit 32b' is two bits 
delay circuit instead of one bit delay circuit 32b in Fig. 
3. The bandwidth restriction means in the current em- 
bodiment is a band pass filter 14c called a modified du- 
obinary filter. Fig. 6 shows a spectrum of an ideal mod- 
ified duobinary signal. The maximum frequency of an 
ideal modified duobinary signal spectrum is the same 
as that of a duobinary signal spectrum. The modified du- 
obinary signal further suppresses D.C. component, so 
that it has a feature that it is robust to the signal wave- 
form degradation due to an amplifier with low frequency 
cutoff characteristics. Although a modified duobinary 
signal is a ternary signal as is the case of a duobinary 
signal, it needs a precoder as shown in Fig. 5, which is 
different from that of Fig. 3 for a duobinary signal. Be- 
cause of the presence of a specific precoder, a ternary 
signal provided by a modified duobinary filter has a log- 
ical 1 corresponding to high level and low level, and a 
logical 0 corresponding to intermediate level. Therefore 
a receive side may correctly demodulate a receive sig- 
nal by deciding whether a receive signal is at an inter- 
mediate level or not. It is essential that a signal shaped 
by a modified duobinary filter keeps waveform itself until 
it is transmitted into a transmission line through conver- 
sion into an optical signal, therefore, a signal amplifier 
which may cause inter-symbol interference is located 
before a modified duobinary filter. Thus, an electrical- 
optical converter is directly driven by an output of a mod- 
ified duobinary filter so that an excellent optical wave- 
form is obtained. 

(Fourth embodiment) 



(Third embodiment) 

[0033] Fig. 5 shows a third embodiment of an optical 
transmitter according to the present invention. A modi- 
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[0034] Fig. 7 shows a fourth embodiment of an optical 
transmitter according to the present invention. Fig 7 is 
similar to the embodiment of Fig. 3, and an electrical- 
optical converter is implemented by a Mach Zehnder 
modulator 1 6. An input signal applied to the Mach Zeh- 
nder modulator 1 6 is in differential form, so that a differ- 
ential distributor 34 is provided to divide an output of the 
precoder 32 to two branches. The numeral 36 is an op- 
tical source which generates coherent light which is sup- 
plied to the Mach Zehnder modulator 16. Fig. 7 is an 
implementation of an optical transmitter which modu- 
lates a ternary duobinary signal into intensity and phase 
of light, and the logical operation of Fig. 7 is the same 
as that of Fig. 21 . The feature of the embodiment of Fig 
7 is that duobinary filters (1 4b-1 , 1 4b-2) are located be- 
tween amplifiers (12-1 , 12-2) and a MZ light modulator 
16. Because of that feature, the current embodiment 
provides optical signal which is free from inter-symbol 
interference as compared with that of a prior optical du- 
obinary transmitter in Fig. 21 . 

[0035] Fig. 8 shows measured waveforms of an elec- 
trical modulation signal of 40 Gbit/s, and a modulated 
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optical signal of 40 Gbit/s. Fig. 8(a) shows waveform of 
electrical signal which is applied to a Mach Zehnder 
modulator, and has clear eye aperture on line Q-Q' hav- 
ing levels 1 , 0 and -1 . Fig. 8(b) is waveform of modulated 
optical signal having high level corresponding to electri- 
cal levels +1 and -1 , and low level corresponding to elec- 
trical level 0. When we compare the curves of Fig. 8 with 
those of Fig. 25 which shows prior waveforms, it should 
be noted that the waveforms according to the present 
invention have less inter-symbol interference and have 
large eye aperture (on line Q-Q'), as compared with 
those of a prior art. 

[0036] Fig. 9 shows a dispersion tolerance of 40 Gbit/ 
s optical duobinary signal measured by using the optical 
transmitter in Fig. 7. It should be noted that the disper- 
sion tolerance which satisfies power penalty less than 
1 dB is 380 ps/nm, which almost coincides with the ex- 
pected value by calculation. Therefore, an optical trans- 
mitter of the current embodiment realizes essentially an 
ideal optical duobinary signal. On the other hand, the 
dispersion tolerance of a prior optical transmitter for 40 
Gbit/s optical duobinary signal is 200 ps/nm as shown 
in Fig. 24. Thus, the present optical transmitter is clearly 
better than a prior optical transmitter in view of disper- 
sion tolerance. 

(Fifth embodiment) 

[0037] Fig. 10 shows a block diagram of a fifth em- 
bodiment of an optical transmitter according to the 
present invention. The feature of the current embodi- 
ment is that a binary signal amplifier 1 2 and a bandwidth 
restriction means 14 are integrated into a module 40 so 
that a connector between a binary signal amplifier 12 
and a bandwidth restriction means 14 is removed. The 
current embodiment has the advantages that a number 
of components mounted in a transmitter is decreased, 
and that the effect of reflection between a binary signal 
amplifier 12 and a bandwidth restriction means 14 is 
avoided so that a signal free from inter-symbol interfer- 
ence is generated. 

(Sixth embodiment) 

[0038] Fig. 1 1 shows a block diagram of a sixth em- 
bodiment of an optical transmitter according to the 
present invention. The feature of the current embodi- 
ment is that a bandwidth restriction means 14 and an 
electrical-optical converter 1 6 are integrated into a mod- 
ule 42 so that a connector between a bandwidth restric- 
tion means 14 and an electrical-optical converter 16 is 
removed. The current embodiment has the advantages 
that a number of components mounted in a transmitter 
is decreased as is the case of the fifth embodiment, and 
that the effect of reflection between a bandwidth restric- 
tion means 14 and an electrical-optical converter 16 is 
avoided so that a signal free from inter-symbol interfer- 
ence is obtained. Further, when a binary signal amplifier 



12 is mounted in the same module 42, an optical trans- 
mitter which is further compact and stable is obtained. 

(Seventh embodiment) 

5 

[0039] Fig. 1 2 shows a seventh embodiment of an op- 
tical transmitter according to the present invention. The 
feature of the current embodiment is that the bandwidth 
restriction means and the electrical-optical converter in 
10 the sixth embodiment is implemented by a MZ light mod- 
ulator 50 which uses a Z-cut Lithium-Niobate (LiNb0 3 ). 
[0040] Conventionally, for high speed operation , a MZ 
light modulator using Lithium-Niobate takes shortened 
electrodes, travelling wave type electrodes, and/or spe- 

'5 cific shape of electrodes. According to the present in- 
vention, the length and/or shape of electrodes are not 
designed for high speed operation, but designed to sat- 
isfy desired bandwidth restriction performance by using 
loss in an electrode, and phase mismatching between 

20 an electrical modulation signal and an optical wave 
which is subject to be modulated, so that a MZ light mod- 
ulator doubles as a bandwidth restriction means. 
[0041] Preferably, the loss in a travelling wave type 
electrode at is always larger than the loss at fre- 

25 quency higher than fo/2, and modulation efficiency of 
said Mach Zehnder light intensity modulator at f(/2 is 
larger than that at frequency higher than fo/2, where f 0 
is clock frequency of an electrical binary signal. 
[0042] Preferably, modulation efficiency determined 

30 by the phase mismatching of a Mach Zehnder light in- 
tensity modulator at fo/2 is always larger than that at fre- 
quency higher than fo/2, where f 0 is clock frequency of 
an electrical binary signal. 

[0043] In Fig. 12, a numeral 10 is an input terminal of 

35 an electrical data signal, 12 is an electrical amplifier, 50 
is an electrical-optical converter implemented by a Mach 
Zehnder light modulator. The numeral 36 is an optical 
source which generates an optical signal subject to be 
modulated by the modulator 50, 18 is modulated optical 

40 signal. The numeral 52 is a D.C. bias terminal which ac- 
cepts bias potential applied to the electrode 50a of the 
Mach Zehnder modulator 50, 54 is an inductor, 56 is a 
terminal resistor, and 58 is a capacitor. The other elec- 
trode 50b of the modulator 50 is grounded. An optical 

45 beam generated by the optical source 36 is separated 
into two beams travelling the waveguides p and q, re- 
spectively, in the modulator 50 and then two beams are 
combined into a single beam so that the beam is ampli- 
tude modulated by phase difference between two 

50 beams in respective waveguides. 

[0044] Fig. 13 shows the decrease of modulation ef- 
ficiency caused by phase mismatching between the 
phase of electrical signal travelling an electrode, and the 
phase of optical signal travelling a waveguide. It is un- 

55 derstood that the modulation efficiency decrease coef- 
ficient Irldecreases with vibration when phase mis- 
matching coefficient A<D increases, according to the fol- 
lowing equations. 
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'= exp[ja> m x d (1-(c/n)c m - 1]/ja, m x d (1-(c/n)cj 



AO = a) m t 



: d (1 - (c/n)c m ) 



where: a> m is angular frequency of electrical siqnal 
(rad/s), 

t d .is interaction time (s) of an optical signal and an 
electrical signal, 

c/n is phase velocity (m/s) of an optical wave in an 
electrical-optical crystal, 

Cft, is phase velocity (m/s) of an electrical signal. 

[0045] As the phase mismatching coefficient AO is 
proportional to angular frequency o> m of electrical mod- 
ulation wave, the modulation efficiency decreases de- 
pending upon the increase of the angular frequency of 
electrical modulation wave. Further, the phase mis- 
matching coefficient AO is a function of interaction time 
x d of electrical modulation wave and optical wave to be 
modulated, and phase velocity c m of electrical modula- 
tion wave, therefore, the modulation frequency charac- 
teristic of the modulation efficiency decrease coefficient 
r is designed according to T d and c m . Thus, a MZ light 
modulatorcan double as a filter by designing modulation 
efficiency decrease coefficient r properly. 

(Eighth embodiment) 

[0046] Fig. 14 shows an eighth embodiment of an op- 
tical transmitter according to the present invention. The 
feature of the present embodiment is an optical duobi- 
nary transmitter which has a dual electrode type MZ light 
modulator 60 having LiNb0 3 , and each of said elec- 
trodes (61 -1 , 61 -2) is used as a duobinary filter A pre- 
coded binary NRZ signal in differential form is applied 
to a pair of electrodes (61 -1 .61-2) of the MZ light mod- 
ulator 60, so that the polarity of a signal applied to a first 
electrode 61-1 is opposite to the polarity of a signal ap- 
plied to a second electrode 61 -2. As the electrodes func- 
tion as a duobinary filter, the electrodes are designed so 
that the duobinary filter has 3 dB cut-off frequency 
around the frequency of 1/4 of a signal clock frequency 
The phase change in the modulated optical signal has 
waveforms of a ternary duobinary signal, and the MZ 
light modulator provides an optical duobinary signal in 
which the light intensity is the maximum for the maxi- 
mum phase change and the minimum phase change 
the light intensity is the minimum around the midpoint of 
the optical phase changes, and the phase of the optical 
signal of the maximum intensity for the maximum phase 
is opposite to that for the minimum phase. 



ture of the current embodiment is that the travelling di- 
rection of electric modulation wave propagating on an 
electrode is opposite to the travelling direction of optical 
wave propagating in an optical waveguide in Lithi- 
5 um-Niobate crystal so that phase mismatching condition 
is generated to provide bandwidth restriction character- 
istic ,n electrodes. Other portions in Fig. 1 5 are the same 
as those in Fig. 14. In Fig. 15, optical wave generated" 
by a light source 36 propagates in the figure from left to 
'<> nght, while electric wave of an output of amplifiers 12-1 
and 12-2 propagate in the figure from right to left The 
opposite travelling direction means that a sign of light 
velocity c/n in a waveguide and a sign of an electric mod- 
ulat.on wave velocity c m are opposite to each other in 
the definition of the phase mismatching coefficient AO 
i" ^ th , erefore ' the va,ue (H<*i)c m ) is larger than 
1 , and the phase mismatching coefficient AO is large 
[0048] In order to confirm the effect of the ninth em- 
bodiment, we measured optical intensity waveforms ob- 
tained by using a Lithium-Niobate MZ optical modulator 
in which an input electrical wave travels in opposite di- 
rection to that of an optical output. The modulator has 
1 0 GHz bandwidth when an input electrical wave travels 
in the same direction as that of an optical output The 
25 amplitude of the electrical modulation signal and the bi- 
as voltage of the MZ optical modulator were set so that 
light intensity can be observed as a ternary duobinary 
signal, in order to observe that the bandwidth restriction 
caused by phase mismatching converts a binary NRZ 
*> signal into a ternary duobinary signal. Fig. 1 6 shows an 
eye pattern of the measured ternary duobinary signal 
having bit rate 3.3 Gbit/s. An eye aperture opens along 
a line R-R'. It is understood visually in Fig. 16 that the 
bandwidth is restricted by the phase mismatching be- 
35 tween electrical modulation wave and light wave which 
is subject to be modulated, and a binary NRZ signal is 
converted into a ternary duobinary signal. A phase in- 
verted optical duobinary signal is obtained by modifyinq 
only bias voltage of a MZ modulator in Fig. 1 6 and Fig 
io 1 7 shows the intensity waveforms of said phase inverted 
optical duobinary signal. It is understood in Fig 1 7 that 
an eye aperture is kept as a binary signal. The drive volt- 
age of the MZ modulator in Fig. 17 is half of the drive 
voltage requested for ordinary optical duobinary modu- 
lation, since Fig. 17 is intended to measure optical in- 
tensity waveforms for confirming the operational princi- 
ple of the invention, therefore, an inter-symbol interfer- 
ence on high level side is large. That inter-symbol inter- 
ference may be suppressed when an optical modulator 
so is driven with a regular drive voltage. 



(Ninth embodiment) 

[0047] Fig. 1 5 shows a ninth embodiment of an optical 
transmitter according to the present invention. The fea- 



(Tenth embodiment) 

[0049] Fig. 18 shows a tenth embodiment of an optical 
transmitter according to the present invention. In the 
current embodiment, an X-cut Lithium-Niobate MZ op- 
tical modulator is used, but not Z-cut. 
[0050] Lithium-Niobate is uni-axis crystal, having the 
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highest modulation efficiency when electric field is ap- 
plied in Z-axis direction, therefore, Z-cut crystal is usu- 
ally used in an ordinary electric-optical modulator. 
[0051] Fig. 19 shows cross section (along A-A' in Fig. 
15) of Z-cut Lithium-Niobate optical modulator 70. The 
numeral 71 is a substrate of Z-cut Lithium-Niobate, on 
which, through a silica buffer layer 72, ground elec- 
trodes 73-1 , 73-2, 73-3, and a pair of signal electrodes 

74- 1 and 74-2 are deposited. Under the signal elec- 
trodes 74-1 and 74-1, a pair of waveguides 75-1 and 

75- 2 with titanium (Ti) diffused are provided. In a Z-cut 
Lithium-Niobate optical modulator, electric field E is ap- 
plied perpendicular to a substrate surface in an optical 
waveguide as shown by an arrow 76, and a pair of elec- 
trodes 74-1 , 74-2 must be driven complementary so that 
no chirp is provided, such as an optical duobinary mod- 
ulation. 

[0052] Fig. 20 shows cross section (along B-B' in Fig. 
18) of an X-cut Lithium-Niobate optical modulator 80 
used in the embodiment of Fig. 18. The numeral 81 is a 
substrate of X-cut Lithium-Niobate, on which, through a 
silica buffer layer 82, ground electrodes 83-1 and 83-2, 
and a signal electrode 84 are deposited. In regions be- 
tween signal electrodes and a ground electrode 
waveguide 85-1 and 85-2 with titanium diffused are pro- 
vided. In an X-cut Lithium-Niobate optical modulator, an 
electric field E is applied parallel to a substrate surface 
in an optical waveguide, as shown by an arrow 86. 
Therefore, when a signal electrode 84 is located at the 
center of two waveguides of a MZ modulator, and a pair 
of ground electrodes 83-1 and 83-2 are located on both 
ends of the substrate symmetrically to the signal elec- 
trode 84 (see Fig. 1 8), opposite electric fields are always 
applied to each of the waveguides. Therefore, a chirp is 
zero in principle when a single electrode MZ modulator 
is used. The current embodiment makes those elec- 
trodes having the bandwidth restriction performance, 
thus, an optical duobinary signal is generated with a sim- 
ple structure of a MZ modulator. 

[0053] As described above, according to the present 
invention, waveform shaping means such as a low pass 
filter is located between an electrical amplifier which 
drives an optical modulator, and an optical modulator, 
so that the electrical amplifier has only to amplify an 
electrical binary NRZ signal. Thus, a severe inter-sym- 
bol interference problem caused by the operation of the 
electrical amplifier in gain saturation region is avoided. 
Further, when a waveform shaping means such as a low 
pass filter is integrated with a driver amplifier or an op- 
tical modulator, an optical transmitter may be compact 
and further harmful reflection is decreased between an 
amplifier and a filter, or between a filter and an optical 
modulator. Therefore, a bandwidth restricted optical sig- 
nal close to ideal condition is generated. This is benefi- 
cial to make distance long, capacity large and cost low 
in an optical communication system. 
[0054] From the foregoing, it is now apparent that a 
new and improved optical transmitter has been found. 
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It should be understood of course that the embodiments 
disclosed are merely illustrative and are not intended to 
limit the scope of the invention. Reference should be 
made, therefore, to the appended claims to indicate the 
scope of the invention. 



Claims 

1 . An optical transmitter comprising: 

an input terminal for accepting an electrical bi- 
nary signal, 

bandwidth restriction means for restricting 
bandwidth of said electrical binary signal, 
an electrical-optical conversion means for con- 
verting said electrical signal which is bandwidth 
restricted by said bandwidth restriction means 
to an optical signal, 

an amplifier for amplifying an input signal of 
said electrical-optical conversion means so 
that said input signal has enough level for op- 
erating said electrical-optical conversion 
means, 

wherein said bandwidth restriction means lo- 
cates between an output of said amplifier and an 
input of said electrical-optical conversion means. 

2. An optical transmitter according to claim 1 , wherein: 

a precoding means is provided at an input stage 
of said amplifier, 

said precoding means provides a binary output 
which is the same as the previous output when 
an input binary digital signal is 0, and an output 
which differs from the previous output when an 
input digital signal is 1, and 
said bandwidth restriction means is a low-pass 
filter which generates a ternary duobinary sig- 
nal. 

3. An optical transmitter according to claim 2, wherein 
said electrical-optical conversion means provides 
the maximum level of optical output for an input 
electrical signal having the maximum level and the 
minimum level, the minimum level of optical output 
for an input electrical signal having middle level be- 
tween said maximum level and said minimum level, 
and optical phase of said maximum level of said op- 
tical signal is opposite of optical phase of said min- 
imum level of said optical signal. 

4. An optical transmitter according to claim 3, wherein 
said electrical-optical conversion means is a Mach 
Zehnder light intensity modulator having a pair of 
ejectrodes which are driven by ternary electrical du- 
obinary signals having opposite polarities. 
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5. An optical transmitter according to claim 1 , wherein 
at least two of said bandwidth restriction means, 
said electrical-optical conversion means, and said 
amplifier are integrated in a single module. 

>. An optical transmitter according to claim 5, wherein 
said electrical-optical conversion means has func- 
tion as said bandwidth restriction means. 

. An optical transmitter comprising: w 

an input terminal for accepting an electrical bi- 
nary signal, 

an electrical-optical conversion means for con- 
verting an electrical signal to an optical signal, is 
an amplifier for amplifying an input signal ap- 
plied to said input terminal to level requested 
for operating said electrical-optical conversion 
means, and applying the amplified electrical 
signal to said electrical-optical conversion 20 
means, 

said electrical-optical conversion means hav- 
ing a travelling wave type electrode operating 
to restrict bandwidth of an output light of said 
electrical-optical conversion means. 25 

An optical transmitter according to claim 6 or claim 
7, wherein said electrical-optical conversion means 
is a Mach Zehnder light intensity modulator having 
a travelling wave type electrode, and bandwidth of 30 14 
optical output of said Mach Zehnder light intensity 
modulator is restricted by using loss of said travel- 
ling wave type electrode. 
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ing in said optical waveguide depending upon 
said electrical field has waveforms of a ternary 
duobinary signal. 

An optical transmitter according to claim 1 0, where- 
in said electrical-optical conversion means provides 
the maximum level of optical output for an input 
electrical signal having the maximum level and the 
minimum level, the minimum level of optical output 
for an input electrical signal having middle level be- 
tween said maximum level and said minimum level 
and optical phase relating to said maximum level of 
said optical signal is opposite of optical phase re- 
lating to said minimum level of said optical signal. 

12. An optical transmitter according to claim 1 1 , where- 
in said electrical-optical conversion means is a 
Mach Zehnder light intensity modulator having a 
pair of electrodes, each of which is a travelling wave 
type electrode having bandwidth restriction proper- 
ty, and electrical signals applied to each electrodes 
are binary signals having opposite polarities with 
each other. 

13. An optical transmitter according to claim 9, wherein 
travelling direction of said electrical signal in said 
electrode is opposite to travelling direction of optical 
signal in said optical waveguide. 

An optical transmitter according to claim 9, wherein 
said Mach Zehnder light intensity modulator is pro- 
vided on a substrate of Z-cut Lithium-Niobate. 



An optical transmitter according to claim 6 or claim 35 
7, wherein said electrical-optical conversion means 
is a Mach Zehnder light intensity modulator having 
a travelling wave type electrode, and bandwidth of 
optical output of said Mach Zehnder light intensity 
modulator is restricted by using mismatching of 40 
phase velocity of electric wave propagating said 
travelling wave type electrode and optical wave 
propagating in an optical waveguide having refrac- 
tive index depending upon electrical field generated 
by said electric wave. ^ 45 

An optical transmitter according to claim 8 or claim 
9, wherein: 

a precoding means is provided at an input stage so 
of said amplifier, 

said precoding means provides an output 
which is the same as the previous output when 
an input binary digital signal is 0, and an output 
which differs from the previous output when an 55 
input digital signal is 1 , and 
said travelling wave type electrode is designed 
so that phase change of optical wave propagat- 



15. An optical transmitter according to claim 9, wherein 
said Mach Zehnder light intensity modulator is pro- 
vided on a substrate of X-cut Lithium-Niobate. 

16. An optical transmitter according to claim 8, wherein 
loss in said travelling wave type electrode at V2 is 
always larger than loss at frequency higher than y 
2, and modulation efficiency of said Mach Zehnder 
light intensity modulator at f</2 is larger than that at 
frequency higher than where f 0 is clock fre- 
quency of said electrical binary signal. 

17. An optical transmitter according to claim 9, wherein 
modulation efficiency of said Mach Zehnder light in- 
tensity modulator at y2 is always larger than that 
at frequency higher than y2, where f 0 is clock fre- 
quency of said electrical binary signal. 



9 



11B5006A2 1 > 



EP 1 185 006 A2 



Fig. 1 



10 12 



14 


16 

/ 






E/O 











18 

i 



Fig. 2 



AMPLITUDE SPECTRUM 



-f 0 /2 0 




f 0 /2 f 0 

FREQUENCY 
f 0 ; CLOCK FREQUENCY 



10 



BP 1 185 006 A2 




11 



"30CIO- <FP Hflc;nncAo i 



EP 1 185 006 A2 



Fig. 4 



AMPLITUDE SPECTRUM 




fo/2 f 0 FREQUENCY 
f 0 ; CLOCK FREQUENCY 



12 



EP1 185 006 A2 




13 

NSDOCIO: <EP 1185006A2 I > 



EP 1 185 006 A2 



Fig. 6 



AMPLITUDE SPECTRUM 




f 0 /2 f 0 FREQUENCY 
f 0 ; CLOCK FREQUENCY 



14 



EP1 185 006 A2 




:NSDOCID:<EP 1185O06A2 I > 



15 



EP 1 185 006 A2 



(a) 



Fig. 8 



ELECTRICAL SIGNAL , Q 25ps 
(40 GBIT/S DUOBINARY) ! 




(b) 



OPTICAL SIGNAL 0 _ , 

(40 GBIT/S OPTICAL DUOBINARY)^ p i 



1,-1 



16 



EP 1 185 006 A2 




BNSDOCID: <EP 1185006A2 I > 



17 



EP 1 185 006 A2 



Fig. 10 




Fig. 11 



10 12 



14 



16 
— J= 
-I E/0 



18 

J 



42 



18 



EP 1 185 006 A2 




19 



EP 1 185 006 A2 



Fig. 13 




PHASE MISMATCHING COEFFICIENT A<f> 



20 



EP 1 185 006 A2 




BNSDOCID: <EP 1 185 006 A2 I > 



21 



EP1 185 006 A2 




22 



EP 1 185 006 A2 




EP 1 185 006 A2 




24 



EP 1 185 006 A2 




1 I 



25 



EP 1 185 006 A2 




BNSDOCID: <EP 



11 85006 A2 I > 



26 



EP1 185 006 A2 




BNSDOCID: <EP 1185006A2I> 



27 



EP1 185 006 A2 




28 

BNSOOCIO: <EP 1185006A2 I > 



EP 1 185 006 A2 



0 




TRANSMISSION 
FACTOR J 



BNSOOCID: <EP 



1185006A2 I > 



29 




RN.cnnr.in- -»cd 



30 



EP1 185 006 A2 



17 



O 




r-vom^oocM*— o 




POWER PENALTY (dB) 



BNSDOCID: <EP 1185006A2 I > 



31 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

^BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 
^3^FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE^) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



